Slow-releasing oxygen materials were prepared to overcome some limitations regarding the low dissolved oxygen (DO) concentration and the low efficiency of in-situ purification in groundwater.
INTRODUCTION
Many in-situ purification technologies (e.g., pump and treat, When in-situ groundwater purification technologies are used, many excess components are easily removed under oxidation conditions. However, the groundwater environment is usually reductive and the low dissolved oxygen (DO) concentration could significantly reduce the efficiency of in-situ purification, so oxygen is often needed to change the reductive environment and facilitate the efficient removal of excess components (Yeh et al. ) . However, previous studies focused on the artificial introduction of oxygen and aeration in the underground environment (Luo ) . The oxygen demand of microorganisms was neglected and the oxygen-releasing rate and their effective utilization were not well managed. This wasted large amounts of oxygen, and encouraged or inhibited the growth of certain microorganisms (Kao et al. ) . Higher oxygen-releasing rates would enhance the effect of bioremediation and long-lasting DO concentration also accelerates the growth of microbial species (Xu et al. ) . In this paper, volcanic cinder with high porosity and adsorption was used as a component of slow-releasing oxygen materials. Volcanic cinder increases the contact of the materials with groundwater and facilitates the slow release of oxygen. And volcanic cinder with adsorption was added into the materials to overcome the limitations regarding the low efficiency of in-situ purification in groundwater. Other important advantages of volcanic cinder are that it is minimally affected by the water chemistry, and its cost is low. This paper focuses on oxygen-releasing experiments to investigate the oxygen-releasing effect and the changes of pH in aqueous solution. In addition, the adsorption effect of the slow-releasing oxygen materials on total Fe and Mn was also investigated. This research will have practical significance for the sustainable development and utilization of groundwater.
MATERIALS AND METHODS

Main raw materials
Ca(OH) 2 (AR); H 2 O 2 (30%, AR); KH 2 PO 4 (AR); paraffin wax (AR); compound silicon cement; volcanic cinder sieved through a no. 60 mesh, particle size of 0.3 mm (from Jingyu County, Jilin Province, China).
Preparation of materials
The slow-releasing oxygen materials were prepared using the following quantities: to prepare the CaO 2 , 74.0 g of Ca(OH) 2 powder was added to 51 mL H 2 O 2 solution (containing 5% KH 2 PO 4 ) with a mole ratio of 1:1 for the mixture proportion. Then, after stirring for 30 min, volcanic cinder, compound silicon cement, and KH 2 PO 4 (weight ratio of 1:1:1) were added to the mixture. The mixture was prepared in a 500 mL glass beaker, maintained at 15 W C, and stirred at a constant velocity for a further 2 h. The 0.5 mm globular materials were then soaked in liquid paraffin for about 2 h to create a wax layer covering. Finally, the materials were maintained at 40 W C for 1 d in an oven at a constant temperature to dry.
Experimental method
To analyze the oxygen-releasing status of the slow-releasing oxygen materials, static and column experiments were designed, and the changes in DO concentration, pH, and total dissolved solids (TDS) were monitored. In addition, the adsorption characteristics of the materials were investigated. The oxygen-releasing mechanisms of the materials were also investigated and a microstructure analysis of the materials was carried out.
Static experiments
CaO 2 dissolves in water to form O 2 and Ca(OH) 2 according to the following overall reaction (Vogt et al. ):
Ca(OH) 2 is an alkaline substance, and therefore pH values will increase in the aqueous solution.
Slow-releasing oxygen materials (10.0 g) were added to 200 mL deionized water. The water was treated with N 2 and held in glass containers. After sealing the containers, changes in DO and pH were monitored at set intervals in a low temperature environment (10 W C).
Column experiments
Three seepage columns, 30.0 cm high and 4.0 cm in diameter were filled with silt, silty sand, and fine sand (Table 1) was calculated as follows (Equation (1)):
where q e (mg/g) is the equilibrium adsorption amount of slow-releasing oxygen materials; C 0 and C e (mg/L) are the initial and the equilibrium concentration of ions, respectively; M(g) is the mass of materials used; and V(L) is the volume of the solution.
Oxygen-releasing mechanism and microstructure analysis of the materials
To identify the occurrence of oxygen release and adsorption, a microstructure analysis was carried out using a scanning electron microscope (SEM) and an energy dispersive X-ray (EDX) spectrum analysis.
RESULTS AND DISCUSSION
Static experiments results
Ability of materials to release oxygen
(1) Oxygen-releasing effect of materials with or without paraffin wax shell
From Figure 1 , it can be seen that initially materials with a paraffin wax shell released oxygen smoothly This showed the materials with the paraffin wax shell decreased the contact of CaO 2 with water, and the oxygen-releasing rate of the materials was controlled effectively.
(2) Oxygen-releasing effect of materials with and without a Therefore, in terms of pH regulation, the same quantities of KH 2 PO 4 made the pH decrease more apparent in the aqueous solution containing materials with a paraffin wax shell.
(2) Impact of powdered materials versus fixed-shape materials on pH
As can be seen in Figure 4 , the decrease in pH for the powdered materials in aqueous solution was greater than that of the fixed-shape materials; the KH 2 PO 4 pH regulator in the powdered materials made better contact with water and thus reduced pH more effectively than the fixed-shape materials. However, the fixed-shape materials caused a more obvious decrease in pH at the late observation stage. 
Column experiments results
Ability of materials to release oxygen
The oxygen-releasing status in the seepage columns with different mediums was fitted with the quasi-first-order kinetic, quasi-second-order kinetic, and the double constant rate equations. The quasi-second-order kinetic equation
had the best fit. The quasi-second-order kinetic equation (Srivastava et al. ) is expressed as follows:
After integration:
where K is the oxygen-releasing rate constant (mg/(L·h)); m t is the DO concentration at time t (mg/L); m e is the DO concentration when oxygen release reaches equilibrium (mg/L).
The fitting equations for oxygen-releasing status in the seepage columns filled with mediums of silt, silty sand, and fine sand using the quasi-second-order kinetic equation ameter m e represents the ability to release oxygen; the higher the value, the greater the ability to release oxygen.
The medium particles were small in the seepage column filled with silt and DO was suffocated by the flowing water, resulting in m e being maintained at higher equilibrium levels. This showed that the materials in the silt medium had an increased and longer-lasting capacity to release oxygen. Therefore, as particle size increased, the materials' ability to release oxygen gradually attenuated.
Values for K were 1.28, 1.51, and 1.97 (mg/(L·h)) in seepage columns filled with silt, silty sand, and fine sand, respectively. The larger the K value, the faster the oxygenreleasing rate. The K value was smallest in the seepage column filled with silt. The small pore spaces in the silt increased the resistance to oxygen-release and thus slowed the oxygen-releasing rate.
Influence of materials on pH and TDS of the aqueous solution
As can be seen in Figure 5 , the pH in the aqueous solution initially increased rapidly, peaked after about 10 h, and then decreased to 11.0 after about 150 h. Thus a seepage medium with a good buffering capacity can effectively reduce pH.
The permeability coefficient was largest in the seepage column filled with fine sand. This enabled the water to accept more alkaline substances and decrease its pH more quickly. The pH value in the seepage column filled with silty sand showed a similar decrease. However, the larger the seepage medium particles, the faster the pH dropped.
From Figure 6 , it can be seen that the TDS initially rose rapidly and peaked after about 12 h, and then decreased rapidly. The Ca 2þ in the materials dissolved into the water . Therefore, the optimal amount and type of materials that need to be added to the seepage column still needs to be confirmed.
Adsorption experiments results
The initial concentrations of total Fe and Mn in the simulated groundwater were 0.48, 1. 05, 3.12, 4.95, 8.12, and 9 .94 mg/L and 0.08, 0.53, 1.08, 2.93, and 4.95 mg/L, respectively. After adsorbing for about 1 h, the isotherm figure of total Fe and Mn between C e and q e was drawn (Figure 7) . The materials' capacity to adsorb Fe and Mn increased with increasing ion concentration.
In the adsorption experiments, nonlinear isothermal adsorption equations were used to evaluate the adsorption process. Nonlinear isothermal adsorption equations take two main forms: the Freundlich () and Langmuir () nonlinear isothermal adsorption equations.
From fitting the Freundlich and the Langmuir nonlinear isothermal adsorption equations to the data, it was found that the Langmuir equation provided the best fit. The Langmuir nonlinear isothermal adsorption equation (Langmuir ) is expressed as follows:
The linear equation can be expressed as:
where q e (mg/g) is the equilibrium adsorption amount of slow-releasing oxygen materials; C e (mg/L) is the equilibrium concentration of ions; K L is the equilibrium adsorption constant; and q max (mg/g) is the maximum adsorption amount for ions.
After fitting Equation (5) 
Microstructure and EDX spectrum analysis
Microstructure and EDX spectrum analysis of materials before and after contact with water
From Figure 9 (a), it can be seen that the original slow-releasing oxygen materials had a relatively regular and smooth surface, which effectively reduced the contact of materials with water so that the chemical reaction of CaO 2 with water was reduced. However, the materials' surface had many tiny pores that enabled the materials' contact with water and allowed oxygen to be slowly released. Figure 9( b) shows that, when the materials came into contact with water, the oxygen release affected the surface, and led to the formation of small bumps. Thus, the materials' surface was not as flat as before the experiment. This shows that the microstructure on the surface of the materials was destroyed by the effect of oxygen bubble impacts. In addition, many tiny pores on the damaged materials' surface were still visible. These pores ensured that the materials continued to release oxygen.
From the EDX spectrum (Figure 9 (a)), it can be seen that the main elements of the original materials were Ca, P, O, and
Si. The materials were mainly composed of CaO, SiO 2 , and P 2 O 5 and the relative wt% of Ca and O was 37% and 35%, respectively. After contact with water ( Figure 9(b) ), the main elements were the same as in the original materials, but the relative wt% of Ca and O were less. This shows that O was released from the materials and Ca in the materials was dissolved into solution after contact with water.
Microstructure and EDX spectrum analysis of materials before and after adsorbing total Fe and Mn
As shown in Figure 9 (a) and 9(c), before the materials adsorbed total Fe and Mn, their surface was relatively smooth. However, after adsorption, the surface became slightly rough, and small bumps appeared. From These changes allowed slow-releasing oxygen materials to adsorb Fe and Mn effectively.
CONCLUSIONS
In this study, slow-releasing oxygen materials were tested for oxygen release in aqueous solution. The DO concentration was maintained at 15 mg/L after 20 d and the reductive environment was significantly altered. The oxygen-releasing process in different mediums followed the quasi-secondorder kinetic model. Adding volcanic cinder to the slowrelease oxygen materials increased their adsorption effect, and improved the purification efficiency for groundwater.
The materials used will have important applications and practical significance for removing excess components in groundwater. Further studies are needed to investigate a suitable environment with an appropriate pH and DO 
